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ABSTRACT 
 
This presentation describes a pilot study carried out at Loughborough University to provide 
evidence of the nature of the forces applied to the body of a worker during concrete breaking 
and the postures they took up to maintain control during this task. The anthropometric 
measurements of a male subject who was an experienced construction worker were taken, 
together with measures such as grip and pinch strength, finger fiction and finger compliance.  
A motion capture system (CODA, mpx30) was used to record the postures taken back the 
subject during the task performance.  Forces taken through the handle of the powered breaker 
were recorded using a universal grip dynamometer that was attached between the handle and 
the hammer body.  Vibration travelling through the handle was monitored using an 
accelerometer located between the handle and the subject's hands.  Recommendations for the 
reduction of vibration absorption and exposure of joints to repeated vibration and force 
loading are suggested in the form of design specifications for the power hammer. 
 
 
1. Introduction 
This presentation describes a pilot study carried out at Loughborough University to evaluate 
the interaction between a construction worker and an electric powered breaker tool whilst 
concrete breaking.  The aim of the study was to provide evidence of the nature of the forces 
applied to the body of a worker during concrete breaking and the postures they took up to 
maintain control during this task.  There were two phases to the study; phase one was the 
characterisation of the subject and tool and phase two was the recording of the interaction 
during a specified task, breaking a concrete slab.   
 
A model of hand and object interaction is used to enable more considered evaluation of the 
relationship between subject and tool during a task performance.  The model is applied to a 
moment in time within the task that is critical to the task performance, safety or health of the 
subject, i.e. just before dropping an object or exposure to forces that could damage their body.  
The model of hand and object interaction provides context for the forces applied through the 
hand to the upper limb and body and can be related to the characteristics of the product tools 
used.  Table 1 shows the three levels of interaction related to measurements that may be taken 
and product detailing. 
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    Hand/ body characteristics Object Characteristics Equipment Outcome
Task analysis 
 
Body segment alignment; 
Segment relational joint angles 
through a sequence f events; purpose 
driven; sense involvement (visual, 
audible, haptics; taste) 
Object mass; centre of 
gravity; force changes due to 
machine power; gravity; 
temperature 
CODA/ motion analysis; 
video; universal grip 
dynamometer; force platform); 
spring balance, weight scales; 
pinch grip dynamometer 
Identification of key moments in 
time during task performance. 
(vector and resultant force, 
torque forces), video analysis; 
environment temperature (°C),  
Analysis of 
external forces 
acting on the 
hand (at a 
given point in 
time) 
Orientation of hand and upper limb in 
relation to object position/resultant 
forces 
Object mass; centre of 
gravity; force changes due to 
machine power; gravity; 
vibration/ sound 
CODA/ motion analysis; 
Dynamometer (torque meter; 
universal grip dynamometer; 
force platform); spring 
balance, weight scales; pinch 
grip dynamometer; 
accelerometer 
External forces to be resisted by 
hand muscle involvement and 
biomaterial characteristics; 
frequency of vibration and 
transmission) 
Micro 
interaction 
 
Skin friction; skin moisture; stress; 
state of physical exertion; heart rate; 
blood pressure; blood flow; surface 
pressure 
Surface material; surface 
finish; surface temperature; 
contaminants, edge detail 
(sharp) 
 
Friction meter; thermocouple; 
blood flow meter; humidity 
meter 
Skin performance (friction); 
pressure (Pa or Nm-2) at points 
on the surface of the hand 
Intermediate 
interaction 
 
Skin and soft tissue friction and 
mechanical shear/ hydraulic pressure; 
temperature; humidity; stress; heart 
rate; blood pressure; blood flow; 
surface pressure 
Surface features; surface 
material; surface finish; 
surface temperature 
Compliance meter; 
thermocouple; blood flow 
meter; humidity meter 
Characteristics of skin and 
underlying soft tissues that 
enable mechanical interlocking 
to occur, related to finger 
friction; hand and finger surface 
pressure 
Macro 
interaction 
Finger and hand joint segment position 
(grip pattern); joint capsule integrity ; 
skeletal integrity; tendon integrity; 
range of movement; muscle bulk; 
temperature; humidity; stress; heart 
rate; blood pressure; blood flow; 
surface pressure; Anthropometrics 
Object handle/ grip size; 
shape; surface temperature; 
edge detail (sharp)  
CODA, Goniometer; video; 
stadiometer; anthropometer 
The ability of the hand to 
mechanically interlock with an 
object shape, optimising soft 
tissue and skin friction; x,y,z co-
ordinates related to time, force 
(vector and resultant, torque) 
Table 1 shows the three levels of interaction related to measurements that may be taken and product detailing (Torrens and Gyi 1999). 
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2. Method 
The pilot study was undertaken over a period of three hours within the Departments of Design 
and Technology and Civil and Building Engineering.  In phase one, the anthropometric 
measurements of a male subject were taken who was an experienced construction worker (and 
member of Loughborough University Estates maintenance team). The method used to take the 
anthropometric measurements followed British Standards Institute 7131, 1990.  Grip and 
pinch strength followed protocols described by Mathiowetz et al, 1985.  Measures of finger 
fiction and finger compliance followed protocols described by Torrens, 1997 and Torrens and 
Gyi, 1999.  These static measures were to enable the subject to be placed in context within a 
defined anthropometric population and within other populations of recorded physical 
characteristics.   
 
In phase two, a task analysis was undertaken in the form of motion capture and video 
recording.  A motion capture system, CODA, mpx30, was used to record the postures taken 
up by the subject during the task performance.  The motion capture recording provided more 
detailed information relating to posture.  Conventional video recording enabled comments and 
the test procedure to be monitored.  The subject was asked to put on a harness onto which 
infrared emitter markers were located over anatomical reference point on the upper limbs.  
The harness assisted in maintaining the position of the markers over the anatomical reference 
points.  The points referenced were: the second and fifth metacarpalphalangeal (knuckle) 
joints, (MCP2, MCP5); distal radial and ulnar prominences, next to the styloid process 
(wrist); the proximal humerus (point of the elbow); acormium (distal point of collar bone); 
and, the top of the sternum.  Both upper limbs had markers attached to these reference points, 
with exception of the left hand, which only had the distal point of the ulnar referenced back to 
the proximal humerus.  The head was referenced through placing a marker over the ????? on 
each side of the cranium (over each eyebrow). These two markers provided an indication of 
eye line and head posture.  Four markers were attached to the breaker to enable a relative 
comparison to be made between the movement of the breaker and the subject’s limb 
segments.   
 
The focus of analysis was upon the angular position of the right wrist.  There are studies that 
suggest a neutral wrist position enables an optimum grip force application.  The position of 
the wrist can also indicate if the hand is being used as a ‘virtual finger’ (as described by 
MacKenzie and Iberall, 1995) in a non-prehensile connection with the breaker handle.  A 
centre line along the axis of the hand and forearm, bisecting the MCP2, MCP5 joints, radial, 
ulnar and passing through the proximal humerus was calculated using the CODA software.  
This enabled the planes of the hand and forearm to be reviewed as angular measurement.  The 
procedure followed had been described in an earlier study by one of the authors (Torrens, 
2000).  
 
The task analysis was enhanced through the measurement of forces and vibration taken 
through the hand and upper limb.  Forces taken through the handle of the powered hammer 
were recorded using a universal grip dynamometer (UGD) that was attached between the 
handle and the hammer body.  The UGD enabled linear and rotational forces acting through 
the handle in all axes to be measured.  The UGD is a prototype force measurement device that 
has been used in other pilots studies prior to this test (Torrens et al, 1999, Torrens and Gyi, 
1999).  Vibration travelling through the handle was monitored using an accelerometer located 
between the handle and the subject's hands.  Both measurement devices were attached to the 
breaker prior to the start of each recorded task.  
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The subject was asked to break up a block of reinforced concrete (2m square x 4m long) using 
a lightweight electric powered hammer.  The physical characteristics of the hammer were 
recorded prior to the start of the test period.  The subject was asked to undertake a breaking 
action for a period of approximately ten seconds, within which there was to be three, three 
second bursts of breaking action, with an interval between each where the subject moved the 
breaker to a new position approximately 300 mm to one side or the other of the starting 
position, parallel to the front of the subject’s body. The block was situated within a 
Laboratory of the Department of Civil and Building Engineering at the University.  The 
laboratory was of ambient temperature and humidity.  
 
An ICS accelerometer was mounted to the handle of the breaker, beneath the operator's left 
hand.  Signals from the accelerometer were conditioned and acquired at 1024 samples per 
second using a National Instruments DAQpad 6020E and LabVIEW software running on a 
notebook PC.  Acceleration was recorded for 30 seconds for each of 3 repeat measures.  The 
part of the signal containing the vibration exposure was extracted from the data and assessed 
according to BS6842 (1987).  This involves applying a frequency weighting (Wh) to account 
for the differing sensitivity of the hand-arm system at each frequency.  Furthermore, spectral 
analysis was carried out to find those aspects of the signal that gave the greatest contribution 
to the overall level of vibration. 
 
3. Results 
The following table (Table 2) shows the subject profile and physical characteristics measured. 
 
Table 2. Anthropometric measurements of subject 
Height 1695 mm  Fingertip wrist crease 195 
Weight 105 Kg  Hand width MCP2-5 96 mm 
Gender Male  Fingertip length 25.9 mm 
Age 33  Fingertip width 19.7 mm 
L or R right handed Right  Fingertip depth 15.41 mm 
Grip strength 50 Kg  Finger coefficient of friction 0.62 
Pinch strength 6.5 Kg  Vertical displacement 2.57 mm 
Fingertip arm length 473    
 
Table 3. Physical characteristics of the powered breaker used in this task. 
Make Makita 
Weight 19 Kg 
Overall length 1080mm 
Blows per minute 12,000 
 
The posture taken up during the task performance shown in Figure 1 indicates that the 
operator has to lean over the breaker to see the point of the tool and so co-ordinate his 
movements and control over the tool.  It was noted that the subject’s head moved over the 
breaker   
 
When reviewing the motion capture sequence, it was noted that there was excessive 
movement of the radial over the styloid process.  A graph indicating changes in angular 
position between forearm and hand shows the hand in extreme extension, followed by flexion,  
changing position very quickly.  The violent change in hand and wrist position would seem to 
be due to the vibration transmitted from the breaker handle through the hand to the forearm.  
The subject had indicated that he held onto the handle that included the trigger mechanism 
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with a loose grip.  A review of the video sequence showed that the subject pushed down onto 
the handle with his right hand and used an open, loose power-type grip to hold onto the 
handle and trigger.  He commented that most of the control was done through the left hand 
through which he gripped the handle more tightly.  This was confirmed through the video 
recording.  The CODA motion capture sequence indicated the vibration was transmitted 
differently through the upper limb on the left hand side than right hand side.  This seemed to 
relate to the grip types used to connect the hand and handle on each side of the breaker.  It 
was noted that there was more movement around the subject’s left the elbow than his right.   
 
Figure 1. Shows two sample images, in sequence, taken from one of the motion capture 
recordings using the CODA system.  
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Figure 2. Shows the angular movement of the wrist during the concrete breaking task 
 
The graph in Figure 2. indicates the relative movement of the hand in relation to the vertical 
plane of the forearm along its axis.  Angular measurements required more time in processing 
than was available to this pilot study to produce accurate representations of the angular 
movements of the hand.  The hand can be seen to be in a constant state of adduction (hand 
moved toward the body) with some wrist rotation (the hand twisting away from the body in 
the vertical plane of the forearm). , also shown in the motion capture images of Figure 1.  
There is a noticeable movement from extension (+ deg) to flexion (- deg) over a short period.  
This is corroborated by the motion capture sequence that shows the rapid flexion/extension at 
the right wrist. 
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Figure 3. Shows the linear forces acting through the breaker handle. 
 
Figure 3. It can be seen that the linear force applied through the F0X (Kg) axis of the UGD 
(the vertical axis of the breaker) has exceeded the range of the sensor (no force registered).  
Earlier tests within this test period, but prior to this recording, had indicated there were large 
forces (in excess of 50Kg) acting downwards through the handle and upwards in the F0X axis 
(vertical).  These forces relate to the downward loading of the handle by the subject (using his 
upper body weight) and the force of the breaker acting upward against the subject.  Reviewing 
the motion capture and video recordings, the upward forces were generated by the subject 
pulling the breaker upwards to release it from the concrete.  The forces generated outside the 
vertical axis are by comparison small.   
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Figure 4. Shows the moments of force acting around the three axes of the breaker handle. 
 
Figure 4 indicates only small rotational forces in the horizontal axes F0Z (parallel to the front 
of the subject’s body) and F0Y (along the centre line, front to back).  Large rotational forces 
in the vertical plane around the handle have exceeded the sensor range for most of this test 
sample.   
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Figure 1 Unweighted acceleration signal measured at the handle of a road breaker. 
 
The analysis of the accelerometer stimulus was derived from approximately 12 seconds of 
vibration sample.  The signals peaked at about ±200 m/s² (Figure 5).  The three repeat 
measures showed similar weighted magnitudes of vibration with an average of 7.91 ms-2 r.m.s. 
(Table 1).  ISO5349 (1986) and BS6842 (1987) set a limit of vibration 'dose' at 2.8 ms-2 r.m.s. 
for 8 hours exposure.  Higher exposure magnitudes are allowable, if the exposure time is 
reduced accordingly.  The allowable daily exposure is therefore approximately 1 hour for the 
tool (Table 4).  Even if exposures were limited to 1 hour per day, BS6842 estimates that after 
8 years, 10% of users will exhibit vascular disorders; ISO5349 estimates that after 7.5 years, 
10% of users will exhibit symptoms of vibration white finger. 
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Figure 2  Average power spectral density of vibration at the handle of a road breaker (0.5 Hz 
resolution). 
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Spectral analysis showed peaks at 18.5 and 37 Hz corresponding to the fundamental and first 
harmonic of the impact rate (Figure 6).  Higher harmonics were present but at a lower 
amplitude.   
 
Table 2.  Summary weighted acceleration magnitudes and allowable exposure times. 
 Wh weighted r.m.s. 
acceleration (ms-2 r.m.s.) 
Allowable exposure at the action 
level (seconds) 
Run 1 8.39 3208 
Run 2 7.60 3909 
Run 3 7.75 3759 
Average 7.91 3625 
 
 
4. Conclusion 
 
The posture taken up by the subject involved flexion of the cervical section of the spine 
(neck), to see over the bulk of the breaker tool to make eye contact with the tool tip.  The 
posture also involved leaning forward, flexing the lumbar region of the spine.  Leaning 
forward enabled the subject to apply more of his body weight through the handles of the 
breaker and use the larger muscles of the upper limb to do so.  Using larger muscle groups 
gives the user a perception of the task being easier to perform.  Exposure to this posture could 
result in neck and lower back injuries that are not normally associated with this task.  The 
subject reported that the breaker was short for the tasks he was required to undertake, such as 
trench digging.  The subject is only small, (21st percentile male when compared to a U.K. 
population, source PEOPLESIZE, 2000).  Therefore, taller users have a potentially greater 
risk from over flexion of the neck and lower back when using this type of tool.  Producing a 
breaker tool with an adjustable or longer overall length would reduce the aforementioned risk.  
Reducing the bulk of the breaker body that interferes with the eye line to the tool tip would 
assist in producing a more neutral neck posture. 
 
The transmission of forces and vibration through the hands and upper limb was seen to be 
different for the right hand left hand of the subject.  This is due to the need to control the 
trigger with the right hand, emphasising the overall tool control with the left.  The trigger 
mechanism should be reconsidered to enable a more balance loading between limbs.  Using a 
different handle shape would encourage the user to take up different grip patterns and upper 
limb postures reducing the load on any one joint process.  Changing the shape and surface 
material would help distribute the load through the hand and handle interface more effectively 
and offer an opportunity to increase grip at the surface or change the nature of the vibration 
being transmitted. 
 
To reduce the vibration dose two strategies could be taken.  First, the levels of the vibration at 
the handle could be reduced.  This might be achieved by improving the isolation to the handle 
or by reducing the amplitude of the impacts at the drill pin (although this would probably 
reduce the effectiveness of the tool, requiring it to be used for longer periods of time).  A 
second strategy would be to increase the rate of the tool such that the impacts occur at a 
frequency where the hand-arm system is less sensitive. 
 
There are no published references that document similar evaluations of breakers known to the 
authors.  Further investigation is required to develop a better understanding of the nature of 
construction tasks. 
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